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Anomalous Heavy-Fermion and Ordered States in the Filled-Skutterudite PrFe4P12
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Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
(November 17, 2018)
Specific heat and magnetization measurements have been performed on high-quality single crystals
of filled-skutterudite PrFe4P12 in order to study the high-field heavy fermion state (HFS) and
low-field ordered state (ODS). From a broad hump observed in C/T vs T in HFS for magnetic
fields applied along the 〈100〉 direction, the Kondo temperature of ∼ 9 K and the existence of
ferromagnetic Pr-Pr interactions are deduced. The 141Pr nuclear Schottky contribution, which works
as a highly-sensitive on-site probe for the Pr magnetic moment, sets an upper bound for the ordered
moment as ∼ 0.03µB/Pr-ion. This fact strongly indicates that the primary order parameter in the
ODS is nonmagnetic and most probably of quadrupolar origin, combined with other experimental
facts. Significantly suppressed heavy-fermion behavior in the ODS suggests a possibility that the
quadrupolar degrees of freedom is essential for the heavy quasiparticle band formation in the HFS.
Possible crystalline-electric-field level schemes estimated from the anisotropy in the magnetization
are consistent with this conjecture.
71.27.+a, 75.40.Cx, 71.70.Jp, 71.70.Ch
I. INTRODUCTION
Studies of U-based intermetallic systems have revealed
that the nature of strongly correlated electron states
based on f2 configuration can be qualitatively different
from those based on f1 configuration. Such an example is
possible quadrupolar Kondo coupling of a non-Kramers
doublet ground state to conduction electrons in cubic
symmetry [1,2]. This coupling, which may be viewed
as a screening process of the fluctuating quadrupole mo-
ment on the ion by the conduction electrons, can lead to a
non-Fermi-liquid (NFL) behavior if the coupling has sym-
metric two channels [3]. This unconventional scenario
has been applied to explain NFL behaviors observed in
some cubic U compounds [4–6]. However, doubts have
been thrown on the realization of 5f2 configuration or
a non-Kramers doublet ground state [7,8]. The required
substitution with non-magnetic elements for realization
of NFL behavior allows other possible explanations to be
proposed instead [9,10].
In this respect, the exploration of Pr-based correlated-
electron systems is highly required because Pr3+ (4f2)
is the most direct analogue to U4+. Compared to 5f
systems, smaller spatial extent of the 4f orbitals usually
causes more localized character with less valence fluc-
tuation. There is little debate regarding the existence
of crystalline-electric-field (CEF) levels and, therefore,
comparison with the aforementioned theoretical models
becomes more reliable. Although resulting weaker hy-
bridizations of the 4f electron might lead to a smaller en-
ergy scale (Kondo temperature TK), which characterizes
the renormalized properties developing at low tempera-
tures, experimental observations are possible in limited
systems. Such compounds reported to date are PrInAg2
and PrFe4P12. The former is characterized by the en-
hanced Sommerfeld coefficient γ ∼ 6.5 J/K2 mol [11].
Unusual + lnT dependence of electrical resistivity ρ [12]
might indicate NFL nature of the ground state in this
compound.
In the present study, we focus on PrFe4P12, which ex-
hibits a heavy-fermion state (HFS) in applied fields where
an ordered state (ODS) is suppressed (see Fig. 2 for a
field-vs-temperature H − T phase diagram). The Fermi-
liquid (FL) nature of HFS is evidenced by the enormous γ
value (≃ 1.4 J/K2 mol in µ0H = 6 T//〈110〉 [13]), which
satisfies the Kadowaki-Woods relation [14] along with the
T 2 coefficient of electrical resistivity ρ(T ) (2.5 µΩ cm/K2
in 6 T), and the huge cyclotron mass (m∗c ≃ 70 m0) de-
termined by de Haas-van Alphen (dHvA) studies [15].
To our knowledge, PrFe4P12 is the one and only system
in which such definitive evidence for the 4f2-based FL
heavy-fermion ground state has been obtained. In this
paper, we report possible evidence indicating that the HF
state is formed via nonmagnetic (most likely quadrupo-
lar) interactions.
II. EXPERIMENTAL
Single crystals of PrFe4P12 were grown by tin-flux
method described in Ref. [16]. The observation of the
dHvA oscillations [15] ensures high-quality of the sample.
Specific heat C(H,T ) for H//〈100〉 was measured by a
quasi-adiabatic heat pulse method described in Ref. [17]
using a dilution refrigerator equipped with an 8-T super-
conducting magnet. The temperature increment caused
by each heat pulse is controlled to ∼2% for the usual mea-
surement and to ∼0.5% in limited temperature ranges
where the phase transition occurs. The bulk magnetiza-
tion M(µ0H ≤ 5.5 T, T ≥ 2.0 K) was measured with a
commercial SQUID magnetometer (Quantum Design).
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III. RESULTS AND DISCUSSIONS
Figure 1 shows the C/T -vs-T data for H//〈100〉. In
zero field, a clear anomaly indicating the second-order
nature of the phase transition appears at TA = 6.51 K.
In the early stage, this was regarded as a signature of
an antiferromagnetic transition since the magnetic sus-
ceptibility (χ) drops below TA [16]. With decreasing T
below TA, C/T decreases showing two weak shoulders at
around 4 and 1 K. A slight upturn below 0.2 K, which
grows strongly in applied fields, is due to the nuclear
Schottky contribution (Cn). With increasing field, the
anomaly at TA shifts to lower temperatures and changes
its shape from second-order-like to first-order-like at ∼ 2
T. Actually, at temperatures very close to the phase tran-
sition in µ0H = 2 ∼ 4 T, Barkhausen-like heating is in-
termittently observed during heat pulse measurements.
The determined phase boundary between HFS and ODS
is plotted in a H − T phase diagram of Fig. 2. In HFS
above µ0H = 4 T, there appears a broad hump at a tem-
perature Tmax, which shifts to higher temperatures with
increasing field. For H//〈110〉 [13], no such hump is ob-
served up to 8 T although the overall T dependence of
C/T is similar to that of the present data. The hump
structure and the enormously enhanced C/T in the tem-
perature range of T . Tmax cannot be explained by a
simple Schottky model with a few separated levels. Ac-
tually, C/T does not show any exponential decrease with
lowering temperature below Tmax. This fact indicates
that, at least in the measured temperature range, ”well-
localized Pr ions with dominant CEF effect” does not
provide an appropriate picture in PrFe4P12 and many
body effects should be taken into account.
The measured specific heat C can be expressed as Cel+
Cn +Cph. For an estimation of the phonon contribution
Cph, we use βT
3 with β = 2.59×10−4 J/K4 mol reported
for LaFe4P12 [18]. Even at 8 K, Cph amounts to only 3%
of the total value of C due to the huge contribution of
Cel.
The hump structure in C/T vs T is attributed to the
low-energy thermal excitations in heavily renormalized
quasiparticle bands formed around the Fermi level (EF ).
As a phenomenological model to describe the excitations,
we employ the resonance level model (RLM) [19], which
assumes a Lorentzian density of states centered at EF
with a T -independent width (∆ ∼ TK). Although this
model is unrealistic, it has been applied successfully to
describe the C(T ) data and to extract the characteristic
energy scale on Ce-based HF compounds, e.g., CeRu2Si2
[20] and CeCu6 [21]. We use the following slightly mod-
ified definition for the electronic specific heat, entropy,
and magnetization:
CRLM = δ · CSS(T,∆, gµBHeff ) (1a)
SRLM = δ · SSS(T,∆, gµBHeff ), (1b)
MRLM = δ ·MSS(T,∆, gµB, Heff ), (1c)
where the functions of CSS , SSS , and MSS are defined
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FIG. 1. Total specific heat of PrFe4P12 in magnetic fields
of (a) µ0H ≤ 3 T and (b) µ0H ≥ 4 T for H//〈100〉. The
thin curves represent the best model fittings of the HFS data
using RLM (see text).
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FIG. 2. Magnetic field vs temperature phase diagram. The
broken and solid curves represent first-order and second-order
phase boundaries, respectively.
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FIG. 3. Magnetic field dependence of the effective Zeeman
energy determined by the fitting shown in Fig. 1(b). The
inset shows the T dependence of inverse magnetic susceptibil-
ity.
in Ref. [19] and Heff denotes an effective field acting on
the electrons. The prefactor δ is phenomenologically in-
troduced considering that the entropy release associated
with the hump structure is larger than R ln 2 (see Fig. 5).
The connotation of δ will be discussed below.
In zero field (Heff = 0), experimental values of
Cel/T = 0.465 J/K
2 mol and electronic entropy Sel =
10.2 J/K mol at T = 8 K (see Fig. 5) uniquely lead to
∆ = 8.7 K and δ = 2.7. Model calculation of Cel/T us-
ing these values is drawn in Fig. 1(a) by a broken thin
curve. The model curve, which satisfies the entropy bal-
ance with the zero-field data, approaches 2.7 J/K2 mol
as T → 0. For the high-field data shown in Fig. 1(b),
the only one fitting parameter is gµBHeff , which is de-
termined so that Tmax can be reproduced. Thus deter-
mined model curves shown in Fig. 1(b) demonstrate that
the hump structure is described fairly well by Eq. (1a).
The resulting effective Zeeman energy (1/2)gµBHeff as
a function of H falls on a straight line as shown in Fig.
3. Assuming the effective g-factor to be H independent
between 4 and 8 T, g = 2.2 is obtained from the slope
in Fig. 3. The absence of the hump structure in C/T
for H//〈110〉 up to 8 T [13] is due to smaller g for this
geometry, in accordance with the anisotropy inM as will
be discussed below. The positive intercept in Fig. 3 indi-
cates ferromagnetic interactions among the Pr ions with
an energy scale of ∼ 3.6 K, which is consistent with the
positive Weiss temperature θp = +3.5 K determined from
the magnetic susceptibility χ ≡M/(µ0H) (µ0H = 0.1 T)
data below 20 K (inset of Fig. 3). This feature contrasts
strikingly with the negative θp’s observed in Ce-based
Kondo lattice compounds, where |θp| provides a rough
estimate of TK . We also compare M(T ) measured in
µ0H = 5.5 T with MRLM (T ) given by Eq. (1c). At 2.0
K, M and MRLM are 1.83 and 1.58 µB/Pr-ion, respec-
tively. Except the slightly smaller value of MRLM , the
general feature of gradually decreasingM with increasing
T is well reproduced (not shown).
The observed nuclear Schottky contribution Cn is
mostly caused by Pr nuclei (nuclear spin I = 5/2 for
141Pr with the natural abundance of 100%). The con-
tribution from Fe and P nuclei is negligibly small. The
nuclear magnetic moment averaged over the existing iso-
topes (I(I + 1)g2N) is 5.3 × 10
−4 and 3.84 for Fe and
P, respectively. Using these values, the contribution
from Fe and P nuclei can be estimated as Cn = 1.7 ×
10−5(µ0Hhf/T )
2 J/K mol, which amounts to only 0.4%
of the observed Cn in 8 T assuming µ0Hhf ≃ 8 T.
The observed Pr nuclear Schottky contribution is
largely enhanced. This is due to the strong intra-site
hyperfine coupling between the nucleus and 4f-electrons
on the same Pr ion. The Hamiltonian for the Pr nucleus
can be written as [22]
Hn = a
′Iz + P (I
2
z − I(I + 1)/3), (2)
where the z axis lies in the direction of 〈J〉 for each Pr
ion. Here a′ (= A〈Jz〉) and P (= B〈J
2
z −J(J+1)/3〉) are
the magnetic dipole hyperfine interaction parameter and
the electric quadrupole coupling constant, respectively.
For each magnetic field, the values of a′ and P can be
determined by fitting the observed Cn(T ) data to the
model given by Eq. (2). Consequently, if the coupling
constant A is known, 〈Jz〉 will be obtained. In the fol-
lowing data analysis, we replace 〈Jz〉 by the site-averaged
quantity (|〈Jz〉|2)
1/2 since the Pr ions are most probably
separated into inequivalent sites in ODS and the mea-
sured specific heat provides the site-averaged quantity.
Using this, we define the site-averaged magnitude of the
Pr magnetic moment mPr ≡ gJ(|〈Jz〉|2)
1/2.
We experimentally determine the coupling constant A
in HFS, where 〈J〉 is polarized along the applied field for
all Pr ions. In µ0H = 5.5 T, M(T → 0) = gJ〈Jz〉 =
1.89 µB/Pr-ion and a
′ is obtained to be 0.122 K. Thus
determined A = 0.052 K agrees well with reported theo-
retical values [23,24].
In order to separateCn and Cel, we use Eq. (1a) in HFS
and γT + αT n in ODS for Cel. The H dependences of
mPr and γ, obtained by fitting C(T ) data below 2 K, are
shown in Fig. 4. The resulting exponent n ranges from
4.1 to 4.3. In HFS, P is determined to be (7± 2)× 10−3
K; for the precise determination of P in low fields, the
measurement should be extended further below 0.1 K.
A remarkable feature in Fig. 4(b) is that γ is substan-
tially reduced (≃ 0.1 J/K2 mol) and almost H indepen-
dent in ODS, and it rises sharply to ∼ 1 J/K2 mol at HA.
Field-scan data of C/T measured at 1 K (shown in Fig.
4(b) for comparison) also reflects this feature; the differ-
ence between the C/T and γ data comes mainly from the
nuclear contribution in HFS and the magnetic excitation
approximated as αT n in ODS. This observation evidently
shows that the HF behavior is significantly suppressed in
ODS.
In Fig. 4(a), mPr is compared with M(H) data mea-
sured at 2.0 K. A small difference in HA is due to the
temperature dependence of HA (see Fig. 2). Agreement
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FIG. 5. Temperature dependence of the electronic part
of entropy Sel calculated integrating the Cel/T data. Be-
cause of the Barkhausen-like heating occurring at the
first-order phase transition in µ0H = 2 ∼ 4 T, thus cal-
culated Sel above TA becomes lower than the true val-
ues. By magnetization measurements using a Maxwell re-
lation of (∂S/∂(µ0H))T = (∂M/∂T )µ0H , we have cor-
rected the Sel data in T > TA. In zero field, Sel data
for T > TA are nicely reproduced by the RLM model
given by Eq. (1b), which provides an asymptotic entropy of
Sel(T →∞) = R ln(2
δ) ≃ R ln(6.5).
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FIG. 6. Magnetization curves measured at 2.5, 4.2
and 7 K in external fields along the main symme-
try directions. The observed magnetic anisotropy of
M(H//〈100〉) > M(H//〈110〉) > M(H//〈111〉) is the feature
of the non-ordered state.
between the two sets of data is quite good even in ODS
taking into account the weak temperature dependence of
M ; e.g., M(T → 0) is only 1% smaller than M(T = 2
K) in µ0H = 3 T. This agreement clearly shows that
the reduced M in ODS is mainly due to the shrinkage of
each Pr magnetic moment itself, not due to cancellation
among the Pr magnetic moments as usually observed in
classical antiferromagnets. For example, M(H) curve of
HoGa2 shows complex field-induced metamagnetic phase
transitions, though the Ho nuclear specific heat (i.e., the
magnitude of each Ho magnetic moment) is of H inde-
pendence, reflecting that the metamagnetic behavior in
M(H) is due to the change in the Ho moment cancella-
tion depending on the field-induced magnetic structures
[25].
As shown in Fig. 4(a), mPr decreases significantly as
H → 0. The extremely small Cn ≃ 6.4 × 10
−5/T 2 J/K
mol observed in zero field sets an upper bound for the
ordered mPr, i.e.,≤ 0.03µB/Pr-ion. The extremely small
4
mPr along with the large entropy decrease below TA as
shown in Fig. 5 strongly suggests that the primary order
parameter in ODS is not the Pr magnetic moment but of
non-magnetic origin. This is consistent with the absence
of magnetic Bragg peaks at 1.5 K in a powder neutron
diffraction study [26], in which typical sensitivity is of
the order of 0.1 µB/Pr-ion.
In the non-ordered state, it is found that the low-
temperature properties cannot be described quantita-
tively in a well-localized Pr-ion picture. For example,
the specific heat cannot be described by a simple CEF
model producing a Schottky anomaly. It is expected,
however, that some of the qualitative features may re-
flect the CEF effect playing a role in the background
of the strong hybridization. The Th site symmetry of
the Pr3+ ions with no fourfold rotation axis leaves a
non-vanishing (O26 − O
6
6) term in the CEF Hamiltonian
[27], along with the usual cubic terms of (O04 + 5O
4
4)
and (O06 − 21O
4
6). If the (O
2
6 − O
6
6) term is dominating,
one of the two magnetic triplets will be stabilized as the
CEF ground state and consequently the anisotropy inM
will be M(H//〈111〉) > M(H//〈110〉) > M(H//〈100〉)
at low temperatures. Magnetization curves measured in
applied fields along the main symmetry directions are
shown in Fig. 6. Since M(H//〈100〉) > M(H//〈110〉) >
M(H//〈111〉) is observed in the non-ordered state, the
above possibility is ruled out. In the following analysis,
therefore, we assume that the (O26 − O
6
6) term is negli-
gibly small and we use the Oh point-group notation for
CEF levels described in Lea, Leask and Wolf (LLW) [28]
(see Ref. [27] for the Oh ↔ Th correlation table). In this
notation, the two CEF parameters are represented by W
and x. We calculated magnetization for a single-site Pr
ion at 2.5 K in a magnetic field of 5.5 T in order to com-
pare with the experimental data. The results are shown
in Fig. 7 as a function of x. For each x, the absolute
value of W is determined so that Sel(T = 8 K) = 10.2
J/K mol is satisfied. No molecular field for the dipole
or multipole Pr-Pr interactions is taken into account in
the calculation. The observed anisotropy in M is qual-
itatively reproduced when 0 . x ≤ 1 for W < 0 or
−1 ≤ x . 0 for W > 0. In these parameter regions, the
CEF ground state is a Γ1 singlet or a Γ3 non-Kramers
doublet; in either case the ground state is non-magnetic,
in accordance with the non-magnetic nature of ODS. A
Γ5 triplet ground state is highly unlikely.
The magnetic susceptibility χ in ODS has quite large
values, as readily recognized in both the inset of Fig. 3
and the magnetization curve shown in Fig. 4(a). If the
observed χ in ODS were attributed to itinerant electrons
with γ ≃ 0.1 J/K2 mol, an unreasonably large effective
moment µeff = 15 µB/carrier would be needed, indi-
cating that the observed χ in ODS is attributed to the
well-localized 4f electrons, of which the c-f hybridization
is substantially suppressed. Attributing χ ≃ 0.4 µB/T
Pr-ion for T → 0 in ODS to a Van Vleck susceptibility,
following possible CEF level schemes are deduced. (i)
In the case of the Γ1 ground state, a Γ4 state is located
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FIG. 7. x dependence of the calculated magnetization for
a single-site Pr ion at 2.5 K in a magnetic field of 5.5 T.
For each x, the absolute value of W is determined so that
Sel(T = 8 K) = 10.2 J/K mol is satisfied. No molecular field
for the dipole or multipole Pr-Pr interactions is taken into
account. Broken arrows indicate the parameter region where
the magnetization anisotropy is qualitatively consistent with
the experimental data. The upper panel shows the ground
and first excited CEF states.
at E(Γ4) ≃ 13 K above the ground state, taking into
account the Γ1 ground state having only one non-zero
matrix element of Jz with the Γ4 state. Since the experi-
mental Sel(T = 8 K) = 10.2 J/K mol shown in Fig. 5 de-
nies the possibility that a Γ5 state is located below ∼ 13
K as the first excited state, one can conclude that the Γ4
state is the first excited state and the Γ5 state should be
located above it. Calculated entropy at 8 K in zero field
(in the non-ordered state) neglecting the Γ5 state and the
other higher levels is 8.9 J/K mol, which is not far from
the experimental value. (ii) In the case of the Γ3 ground
state, Γ
(1)
3 referring to
√
7/24(|4〉 + | − 4〉) −
√
5/12|0〉
(|M〉 represents an eigenstate of Jz) has only one non-
zero matrix element of Jz with Γ4 state and so does Γ
(2)
3
referring to
√
1/2(|2〉 + | − 2〉) with Γ5 state. There-
fore, with the similar consideration as in the case (i), one
can conclude that the first excited state is a Γ4 state,
which is located at E(Γ4) ≃ 18 K if it can be assumed
that all the Pr ions have the Γ
(1)
3 ground state in ODS.
Using the value of E(Γ4), calculated entropy at 8 K in
zero field (in the non-ordered state) neglecting the Γ5
state and the other higher levels is 9.6 J/K mol, which
is also not far from the experimental value. From the
rough discussion mentioned above based on the present
specific-heat and magnetization results, we propose that
the possible CEF level schemes are Γ1 − Γ4(∼13 K) and
Γ3 − Γ4(∼18 K). Noted that the energy level of the first
excited state should be considered as a rough estimation
since we have made some assumptions in the discussion,
e.g., the modification due to the ordering of the wave
5
functions and the energy levels of the CEF levels to be
small enough. In order to check our proposal, inelastic
neutron scattering measurement is planed.
Ultrasonic study reported by Nakanishi et al. [29]
demonstrates that the elastic constants of c11 and c11 −
c12 shows softening below ∼ 20 K down to TA while
c44 does not. From this fact, they claim that the CEF
level scheme is Γ3 − Γ4, which is the same as one of our
proposed models. Below TA, both c11 and c11 − c12
start to increase. From these observations, they pro-
posed that the order parameter in ODS would be an
antiferro quadrupole ordering with Γ3 symmetry, where
the twofold degeneracy of the Γ3 ground state is lifted.
If this is the case, Sel(T = TA) being larger than R ln 2
indicates that the excited Γ4 state, which also has the
quadrupole moments, is also relevant to the ordering.
In the case of Γ1 − Γ4 level scheme, which cannot be
ruled out by our present study, the Γ1 ground state itself
has no degrees of freedom. However, since the energy
separation between the two levels is comparable to the
estimated value of TK , one can speculate that the Γ4 ex-
cited state contributes much to the renormalized physical
properties at low temperatures. Due to the quadrupole
degrees of freedom relevant to the Γ4 state, a quadrupole
ordering could take place also in this case.
In ODS, where the quadrupolar degeneracy is most
probably lifted, the strong suppression of the HF be-
havior is observed as shown in Fig. 4(b). This obser-
vation points to a possibility that the fluctuation of the
quadrupole moments in the non-ordered state is playing
an essential role for the heavy-fermion state formation.
Figure 4(a) shows that mPr develops monotonously with
increasing magnetic field and approaches as large as 60%
of the HFS value at HA. The insensitivity of the suppres-
sion of the HF behavior to the field induced mPr in ODS
implies that the suppression of the HF behavior is not
due to any magnetic sources, probably consistent with
our conjecture.
Any sign of possible NFL behaviors, which could
be caused by the quadrupolar Kondo effect, have not
been observed in PrFe4P12, contrasting remarkably with
PrAgIn2. The instability of NFL state against FL state
has been studied theoretically in some model cases [30],
although comparison with the real systems are still in-
sufficient. In PrFe4P12, largely-enhanced negative ther-
mopower below 50 K [31] suggests the predominant hy-
bridization process to be between f2 and f3 configura-
tions [32]. The virtual f3 configuration is expected to
have a quartet ground state since the CEF ground state
of NdFe4P12 is a quartet [16]. In this scheme, the c-f hy-
bridization should have complicated multi-channels. An-
other factor needed to be considered is the closely-located
CEF excited state in the f2 configuration in PrFe4P12.
In the case of the Γ3 − Γ4 level scheme, the Γ4 excited
state might cause the instability of the NFL state rele-
vant to the Γ3 ground state, as demonstrated in a non-
Kramers doublet and a singlet case [30]. For deeper un-
derstanding of the NFL-against-FL stability issue, the-
oretical study on the present case, which has not been
done yet, is highly required.
A band structure calculation on LaFe4P12, which con-
sistently explains observed angular dependence of the
dHvA branches, indicates that the Fermi surface consists
of a nearly spherical hole sheet (47th) and a multiply
connected one (48th) [33]. The latter one is character-
ized by strong c-f hybridizations. Therefore, the heavily
renormalized quasiparticle bands observed in PrFe4P12
are expected to be mostly attributed to the correspond-
ing 48th sheet of LaFe4P12. As pointed out by Harima
[33], its nearly cubic shape may favor a commensurate
3-dimentional nesting with q = {1, 0, 0}. This conjec-
ture is supported by some of the corresponding X-ray
satellite peaks observed in ODS [34] and the carrier re-
duction suggested by jumps in the electrical resistivity
and the Hall coefficient at TA [31]. The lattice distortion
(or the charge ordering) and the associated gap opening
on some part of the corresponding Fermi sheet should be
also taken into account to understand the nature of ODS.
IV. SUMMARY
We have studied the heavy-fermion and the anomalous
ordered states in filled-skutterudite PrFe4P12 by specific
heat and magnetization measurements. From a broad
hump observed in C/T vs T for H//〈100〉 in HFS, the
Kondo temperature of ∼ 9 K and the existence of ferro-
magnetic Pr-Pr interactions are deduced. Utilizing 141Pr
nuclear Schottky contribution, an upper bound for the
site-averaged Pr ordered magnetic moment is obtained
to be ∼ 0.03µB/Pr-ion. This fact strongly indicates that
the primary order parameter in the ordered state is non-
magnetic, most probably of quadrupolar origin, as sug-
gested by the ultrasound measurements. Significantly
suppressed heavy-fermion behavior in the ordered state
suggests a possibility that the quadrupolar fluctuation of
the Pr ions leads to the heavy quasiparticle band for-
mation in the high-field heavy fermion state. Possible
crystalline-electric-field level schemes of the Pr3+ ions es-
timated from the anisotropy in the magnetization and the
electronic part of entropy are Γ1−Γ4 and Γ3−Γ4 [(ground
state)-(first excited state)], both of which are consistent
with the aforementioned conjecture. The present study
demonstrates that PrFe4P12 could be an unprecedented
system, where the role of the quadrupole moments can
be studied for the realization of the rare 4f2-based heavy
fermion state thanks to the existence of the ordered state,
which is not available in PrInAg2.
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